We find that energy surfaces of more than two atoms or molecules interacting via dipole-dipole potentials generically possess conical intersections (CIs). Typically only few atoms participate strongly in such an intersection. For the fundamental case, a circular trimer, we show how the CI affects adiabatic excitation transport via electronic decoherence or geometric phase interference. These phenomena may be experimentally accessible if the trimer is realized by light alkali atoms in a ring trap, whose dipole-dipole interactions are induced by off-resonant dressing with Rydberg states. Such a setup promises a direct probe of the full many-body density dynamics near a conical intersection.
Introduction: Conical intersections (CIs) of electronic energy surfaces are a generic feature of large molecules [1, 2] . The intersections provide fast intra-molecular transition channels between electronic states and can thus affect the outcome of (photo-) chemical processes. Radiation-less de-excitation of large bio-molecules proceeds through these channels and yields enhanced photostability that might have been crucial for the development of life on earth [3] [4] [5] . Modern techniques allow the theoretical investigation of quantum wave-packet dynamics at conical intersections of large molecules in quite some detail [6, 7] . However experiments usually monitor such dynamics indirectly, e.g., through reactant fractions or fluorescence spectra.
The direct observation of many-body densities could be realized near conical intersections in ultracold gases. As we demonstrate, these are ubiquitous between energy surfaces of inter-atomic (or molecular) dipole-dipole interactions [8] . Such interactions are responsible for excitation transport in photosynthetic light harvesting units [9] , molecular aggregates [10] or cold Rydberg gases [11] . We find that typical ensembles have sub-units of three to seven particles that are mainly responsible for the CI. We investigate the fundamental unit, a ring-trimer, in more detail. In the ring geometry, two adiabatic energy surfaces cross at the equilateral triangle configuration, forming a conical intersection. While a direct crossing of the CI splits wave packets among two electronic surfaces and thus de-coheres the reduced electronic state, circumnavigation of the CI results in interference patterns with clear signatures of the geometric phase.
We suggest a realization of the ring-trimer using trapped atoms that obtain dipole-dipole interactions through off-resonant Rydberg dressing [12] . Through spatially resolved detection of single atoms one can reveal the full many-body dynamics around the CI. Conical intersections in dipole-dipole gases: Consider a sample of N atoms or molecules of mass M whose positions r n are grouped into the 3N component vector R = {r n }. We assume that each particle can be ei- ther in some electronic ground state | g or some excited state | h . The single excitation Hilbert space for the electronic degree of freedom is then spanned by | π n ≡ | g · · · h · · · g , with the n'th particle excited. We incorporate particle motion and electronic excitation transfer by dipole-dipole interactions [13] into the HamiltonianĤ
where V nm is the dipole-dipole interaction between the particles. Besides Rydberg atoms [14, 15] , this model can also describe molecular aggregates [10] or Rydbergdressed ground state atoms [12] . We ignore the angular dependence of the interaction and specify
To analyze the Hamiltonian (1), consider a BornOppenheimer separation of dynamics [16] .
The eigenstates of the electronic Hamiltonian fulfill
The energies U j (R) then define N adiabatic potential energy surfaces for particle motion. A particle stays on a definite surface, if non-adiabatic couplings between the surfaces can be ignored. These non-adiabatic couplings become large at a conical intersection.
To assess the relevance of conical intersections in an ultracold gas, we consider an ensemble of N atoms distributed randomly in a cube of side length L, with coordinates R * and an isotropic quantum or thermal position uncertainty of about σ R * . After determination of R * , we seek CI-locations R CI within a distance R max = σ R * [17] by numerical minimization of the smallest separation between any two surfaces U i and U j . We define N conn as the number of adjacent energy surfaces between which we find a CI under these constraints. Its average is shown in Fig. 1 (c) as a function of R max /d max , where d max = L/(2πN ) 1/3 is the peak of the nearest neighbor distance distribution. We averaged over 50 random atomic ensembles and 200 different minimization seeds. Already for R max ∼ 0.2d max ∼ 0.06L at least 3 CIs are accessible on average. An ensemble with spread of position σ R * ∼ 0.2d max , would necessarily access these CIs.
To characterize CIs between surfaces i and j in more detail, consider their branching plane spanned by [1] 
Let
The motion of atom m has a large effect on the energy gap between surfaces i and j, if the |v m | 2 or |w m | 2 components of the branching vectors are large. Motion in the seam-space orthogonal toV ij ,W ij has almost no effect, thus small |v m | 2 or |w m | 2 indicate that the atom does not participate strongly in the intersection. This motivates the use of a participation number (see e.g. [18] )
, which roughly gives the number of atoms involved in CI dynamics. The N P -histogram in Fig. 1 (d) shows that these are usually three to seven. Changes in density ρ = N/L 3 only affect the overall energy scale of Fig. 1 (b) but not the results in Fig. 1 (c-d) if distances are expressed in units of d max .
We conclude that conical intersections are generic in dipole-dipole interacting aggregates with moving constituents. This holds also for tightly bounded motion, such as small vibrations around fixed locations. Since a small number of atoms control the CIs we will study the fundamental case N = 3 in the following. Ring trimer: We consider three particles confined onedimensionally on a ring, with coordinates as in Fig. 2 . On the ring the position of atom n is specified by its 2D polar angle θ n . Then the dipole-dipole interaction is
The centre-of-mass type angle θ CM = n θ n /3 decouples, and the dynamics of interest is fully described by the two relative angles θ 12 = θ 2 − θ 1 and θ 23 = θ 3 − θ 2 .
In Fig. 2 we show the three potential energy surfaces obtained by diagonalizingĤ el . The top (red) and bot- tom (blue) surfaces are globally repulsive or attractive, respectively. Each of them is associated with a different delocalized excitation [14] . Energetically between these, we find a middle surface that touches the repulsive one in a conical intersection at θ 12 = θ 23 = 2π/3. In the following we show how this intersection affects adiabatic excitation transport.
The total quantum state is | Ψ(R) = N n=1 φ n (R)| π n , where φ n (R) is the wave function of particle motion in the electronic state | π n . From the Hamiltonian (1) one obtains the equations
For N = 3 atoms we use θ 12 and θ 23 and write
We also introduce the adiabatic form of the wavefunction | Ψ = 3 j=1φ j (θ 12 , θ 23 )| ϕ j (θ 12 , θ 23 ) . Finally, let us define the population of the n'th diabatic (adiabatic) state as p n = dR|φ n | 2 (p j = dR|φ j | 2 ). For adiabatic states and surfaces, we will use subscripts rep = 1, mid = 2, att = 3 as in Fig. 2 . The setup described above allows one to observe how CIs affect many-body dynamics. We will discuss two paradigmatic situations. Electronic de-coherence: A robust consequence of the CI is to decohere reduced electronic state of the the trimer. Consider the case where initially the system is on the repulsive adiabatic surface and the particles form an isosceles triangle as skeched in Fig. 2 (a) . The initial distance between particles 1 and 2 is
is the separation at the conical intersection. Each atom has initially a Gaussian angular distribution with width σ 0 ≪ 2π. The detailed construction of the initial state is described in [15] . From this initial state, the repulsion drives the configuration over the CI. We use R = 9.8µm, µ = 180 a.u. and M = 11000. These parameters correspond to laser dressed Lithium, as will be explained later.
The close proximity pair of particles initially accelerates adiabatically, as evident from the constant surface populations in Fig. 3 (b) . However, as the manybody wave function passes the conical intersection, more than 60% of the total population is transferred from the repulsive to the middle surface. Fig. 3 (c) shows an accompanying drop in purity of the reduced electronic density matrixσ = n,m σ nm | π n π m |, with
The operatorσ describes the electronic state, disregarding knowledge of particle positions. The observed decoherence of the electronic state is a consequence of the spatially disjunct splitting of the wave-packet on two surfaces and ensuing entanglement between the particle position and aggregate electronic state. It will occur generically for all dynamics close to the CI. Geometrical phase: A more subtle but even more fundamental consequence of conical intersections is the geometric (Longuet-Higgins-Berry) phase picked up by wavepackets that are adiabatically transported in a closedloop around them [19, 20] . In our case, wave-packets moving half a circle around the CI on the repulsive surface with opposite sense of rotation meet with a relative phase of π. We initially superimpose two different momentum components, which yield the classical trajectories shown in Fig. 4 (a) as solid white lines. The resulting quantum interference pattern after encircling the CI is shown in Fig. 4 (b) for R = 13µm. The wave-packet is chosen to contain components that will not actually have enclosed the CI upon interference. These form the lower left part of the pattern in Fig. 4 (b) , with an antinode on the diagonal. In contrast, the top right of the pattern resulting from motion enclosing the CI has a node on the diagonal. This manifestation of Berry's phase shift can be experimentally accessed due to the control and detection afforded by ultracold atoms as we will show in the next section. The interference pattern could then be used as a sensitive probe of the many-body energy landscape, as for example the presence of a fourth perturber atom would move the CI out of the θ 12 , θ 23 plane and hence
